Gains of Bacterial Flagellar Motility in a Fungal World by Pion, Martin et al.
Gains of Bacterial Flagellar Motility in a Fungal World
Martin Pion,a Redouan Bshary,b Saskia Bindschedler,a,c Sevasti Filippidou,a Lukas Y. Wick,c Daniel Job,a Pilar Juniera
Laboratory of Microbiology, Institute of Biology, University of Neuchâtel, Neuchâtel, Switzerlanda; Laboratory of Eco-ethology, Institute of Biology, University of Neuchâtel,
Neuchâtel, Switzerlandb; Department of Environmental Microbiology, Helmholtz Centre for Environmental Research (UFZ), Leipzig, Germanyc
The maintenance of energetically costly ﬂagella by bacteria in non-water-saturated media, such as soil, still presents an evolu-
tionary conundrum. Potential explanations have focused on rare ﬂooding events allowing dispersal. Such scenarios, however,
overlook bacterial dispersal along mycelia as a possible transport mechanism in soils. The hypothesis tested in this study is that
dispersal along fungal hyphae may lead to an increase in the ﬁtness of ﬂagellated bacteria and thus offer an alternative explana-
tion for the maintenance of ﬂagella even in unsaturated soils. Dispersal along fungal hyphae was shown for a diverse array of
motile bacteria. To measure the ﬁtness effect of dispersal, additional experiments were conducted in a model system mimicking
limited dispersal, using Pseudomonas putida KT2440 and its nonﬂagellated (ﬂiM) isogenic mutant in the absence or presence
of Morchella crassipes mycelia. In the absence of the fungus, ﬂagellar motility was beneﬁcial solely under conditions of water
saturation allowing dispersal, while under conditions limiting dispersal, the nonﬂagellated mutant exhibited a higher level of
ﬁtness than the wild-type strain. In contrast, in the presence of a mycelial network under conditions limiting dispersal, the ﬂag-
ellated strain was able to disperse using the mycelial network and had a higher level of ﬁtness than the mutant. On the basis of
these results, we propose that the beneﬁt of mycelium-associated dispersal helps explain the persistence of ﬂagellar motility in
non-water-saturated environments.
Many soil bacteria have ﬂagella (1). However, the role of theseﬂagella for bacteria living in non-water-saturated media,
such as soils, is not yet well understood (2–5). In the majority of
soils, the thinness and patchiness of the liquid ﬁlms restricts the
dispersal of individual cells or populations on a microscopic scale
(4). Indeed, ﬂagellum-driven swimming requires bacterial cells to
be fully immersed in liquid in order to avoid capillary pinning
forces acting at the liquid-air interface (3, 5). Swarming, another
type of bacterial motility for which ﬂagella are required (6), is also
restricted to a narrow range of wet conditions (2). Thus, ﬂagel-
lated bacteria would be expected to swim or to swarm only during
saturation events, which are often short and sporadic (3), raising
doubts as to the evolutionary advantage of maintaining the ener-
getically costly ﬂagella (7).
A recent study proposes that rare events of water saturation in
soil yield a ﬁtness advantage to ﬂagellated strains through im-
proved dispersal and hence access to novel resources (3). This
advantage could theoretically sufﬁce to explain the maintenance
of ﬂagella. However, to test this argument further, it would be
necessary to investigate how often different soils are water satu-
rated under natural conditions. Here we tested an alternative ex-
planation for the persistence of ﬂagella in soil bacteria that is based
on the recent discovery that bacteria can disperse along fungal
hyphae, which are thus used as “fungal highways” (8–12). Since
hyphae from most ﬁlamentous organisms can grow through air
(13, 14), the liquid ﬁlm that can be present around hyphae allows
bacteria to disperse over air-ﬁlled soil pores (9, 12), which are
typically found in unsaturated soils.
The characterization of this dispersal mechanism carried out
so far has indicated that hyphae with hydrophilic surface areas act
as effective bacterial dispersal networks, i.e., allow for a liquid ﬁlm
for effective ﬂagellar motility (9). In addition to ﬂagellar motility,
other features of migrating bacteria have been suggested, such as
the ability to metabolize fungal exudates or the presence of mo-
lecular markers for a type III secretion system (8, 9, 12, 15–18).
An important consideration for the theory of mycelium-pro-
moted dispersal to explain the maintenance of ﬂagella is the eco-
logical relevance of this mechanism. Mycelia are highly abundant
in most soils, with estimates of a mycelial network that represents
as much as 100 to 700 m per g of soil (9, 19). Thus, the naturally
available fungal network could offer ﬂagellated bacteria a perma-
nent option for active migration. If so, the advantage of fungus-
associated dispersal would help to explain the maintenance of
ﬂagella by soil bacteria.
Soils are physically challenging due to their opaque nature and
their physical and chemical heterogeneity (20). Therefore, alter-
native models, such as the porous-surface model, have been used
to simulate water conditions in soils (3, 21). Alternatively, culture
plates with different agar concentrations simulate different hydra-
tion levels affecting bacterial dispersal and are used routinely to
measure bacterial motility (15, 22) or even the evolution of coop-
eration in bacteria (23). Using petri dishes with variable agar con-
centrations, we tested whether bacterial dispersal associated with
mycelial networks makes ﬂagellar motility beneﬁcial under con-
ditions where swimming is otherwise impossible. We ﬁrst showed
ﬂagellum-driven dispersal along mycelial networks for a wide
range of motile bacteria, demonstrating the relevance of this dis-
persal mechanism. Then we measured the growth of Pseudomonas
putida KT2440, a typical soil bacterium, and its nonﬂagellated
mutant either alone or in direct competition under different sat-
uration conditions. We repeated the experiments in agar plates
previously inoculated with the saprophytic and mycorrhizal fun-
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gus Morchella crassipes. Because fungi can actively interact with
bacteria (for example, through the secretion of exudates), in a ﬁnal
experiment we used glass ﬁbers as an abiotic dispersal network
instead of the fungus.
MATERIALS AND METHODS
Strains. A suite of bacteria tagged constitutively with ﬂuorescent proteins
was selected for themigration experiments. Tagging with ﬂuorescent pro-
teins allows a rapid, nondestructive assessment of mycelium colonization
and bacterial migration by epiﬂuorescent binocular observation. The
tagged bacteria included Pseudomonas azelaica HBP1, Pseudomonas
knackmussii B13, Sphingomonas wittichii RW1, and Cupriavidus necator
JMP289, kindly provided by Jan van der Meer (University of Lausanne).
Finally, the untagged bacteriaPseudomonas aeruginosaNEU1023,Cupria-
vidus oxalaticus NEU1047, Escherichia coli K-12, and Bacillus subtilis
NEU1, from the culture collection of the Laboratory of Microbiology of
theUniversity ofNeuchâtel, were also included. In addition,Pseudomonas
putidaKT2440, a ﬂagellated bacterium isolated from the rhizosphere (24),
and itsﬂiM nonﬂagellated mutant were used for speciﬁc experiments to
assess the effect of ﬂagellar motility on ﬁtness. The ﬂiM nonﬂagellated
mutant was obtained by allelic exchange with a truncated version of ﬂiM
and is an antibiotic resistance-free mutant. Both strains were tagged by
inserting a constitutively expressed ﬂuorescent-protein-encoding gene at
a neutral position of the genome; the gfp gene was inserted into the wild-
type strain, and the DsRed gene was inserted into the nonﬂagellated mu-
tant (3). These strains were kindly provided by Arnaud Dechesne (Tech-
nical University of Denmark). The growth parameters of the two strains
under different conditions are given in Table S1 in the supplemental ma-
terial.
The saprophytic and mycorrhizal fungus Morchella crassipes was iso-
lated from soil. This strain was afﬁliated with the species Morchella cras-
sipes based on the internal transcribed spacer 1 (ITS 1) and ITS 2 se-
quences and on phenotypic observations (25). M. crassipes hyphae have a
diameter of 4.5 to 7.5 m.
Media and culture conditions. Nutrient agar (NA) medium (Biolife,
Italy) was used for the regular maintenance of the bacterial cultures. Malt
extract (Mycotec, Switzerland) was used for the culture of M. crassipes.
The latter medium was also used as the substrate for all the experiments,
because it allowed the rapid growth of M. crassipes, as well as the growth
anddispersal ofP. putida.The agar usedwas agar-agar (Merck,Germany).
The medium was poured at 60°C into small petri dishes (diameter, 50
mm). The dishes contained 8 ml of the medium. Because the drying pe-
riod of the agar has a strong inﬂuence on bacterial dispersal (22), after
pouring, the plates were dried for 15 min under a constant laminar ﬂow
(470 m3 h1) and were inoculated immediately thereafter. Plates were
thenwrappedwith Paraﬁlm and SaranWrap to prevent dehydration (26).
The experimentswere conducted at 21°C. Four agar concentrations, rang-
ing from 0.3 to 1.5%, were used. In agar concentrations up to 0.3%,
swimming is possible (27). At 0.5% agar, Pseudomonas putida KT2440
exhibits a swarming-like motility (28). Above 0.5% agar, the liquid ﬁlm
over the agar medium is too thin for swimming or swarming (2, 3, 29, 30),
so these concentrations were considered in this study to constitute a con-
dition mimicking limited dispersal in soil (Fig. 1).
Agar plates containing a dispersal network (1% and 1.5% agar) were
prepared as described above with few modiﬁcations. To grow the fungus,
we inoculated a plug obtained from the edge of a 5-day-old culture by
using the wider end of a glass Pasteur pipette as a device with which to
inoculate a regular amount of mycelium. The plug (a cylinder with a
diameter of 5 mm and a height of 5 mm) was placed in the center of the
plate and was removed after the fungus had colonized the entire plate (2
days). Bacteria were inoculated after the removal of the inoculation plug
(Fig. 1B). In addition to the fungal mycelial network, glass ﬁbers (Cole-
Parmer, USA) with a diameter of approximately 8 m were used as an
abiotic network mimicking the fungal mycelia, as has been done in previ-
ous studies (15). For the abiotic network, ca. 40 ﬁbers (approximately 2
cm long) were placed randomly in the plate. To maintain conditions as
similar as possible, bacteria placed on an abiotic network were also inoc-
ulated 2 days after the medium was poured.
Motility assays. One bacterial colony from an overnight culture (in
NA) was inoculated into the center of a petri dish. The medium was either
the swimming or the swarming medium as described previously (26). The
mean diameter reached after 40 h was then measured in four plates. For
FIG 1 Description of the experimental design. (A) Changes in the agar concentration added to the culture medium modify the liquid ﬁlm formed over the solid
agar, allowing (0.5%) or restricting (0.5%) bacterial dispersal. (B) Dispersal was estimated by using a ﬂagellated wild-type strain labeled with GFP versus a
nonﬂagellated mutant (ﬂiM mutant) labeled with the ﬂuorescent protein DsRed. The strains were inoculated in media with variable concentrations of agar and
in the absence or presence of a fungal dispersal network.
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direct observation of ﬂagella, the bacterial strains were stained as de-
scribed previously (31) and were observed under a light microscope.
Analysis of bacterial dispersal. Bacterial dispersal was measured as
the diameter reached by bacterial colonies after incubation in malt agar
medium. To determine the diameter, bacterial colonies were observed
directly after 40 h of incubation by using an epiﬂuorescence stereomicro-
scope (Nikon SMZ1000) in four replicates for each agar concentration.
Samples of agar from inside and outside of the observed colonized area
were repicked to conﬁrm the limits of the growing colony. Individual
measurements were taken for the wild-type and ﬂiM mutant strains
inoculated separately into media with agar concentrations from 0.3 to
1.5%. The same experiment was conducted with a preexisting dispersal
network of either M. crassipes or glass ﬁbers on 1 or 1.5% agar. The bac-
terial inoculum was prepared from an overnight culture grown on nutri-
ent agar and suspended in a saline solution. Prior to inoculation, the
solution was adjusted to obtain a density close to 7 104 cellsl1. Three
microliters of this suspension was used as the sole inoculum in the center
of the plate. The small volume of inoculum prevented the passive spread-
ing of bacteria with the liquid droplet.
Dispersal to the single-cell level was assessed by observing samples by
confocal laser scanning microscopy (CLSM). CLSM observations were
performed with a TCS SP5X system (Leica) attached to an upright micro-
scope equipped with a 63 (numerical aperture, 1.2) water immersion
objective. Excitation was performed with a white laser line at 488 nm for
green ﬂuorescent protein (GFP) (80% light intensity) and 557 nm for
DsRed (50% light intensity), and emission signals were detected at 500 to
550 nm (GFP) and 575 to 625 nm (DsRed). The transmission channel was
used to visualize fungal hyphae in a nonconfocal mode.
Determination of relative ﬁtness. For analysis of relative ﬁtness, the
two bacterial strains were coinoculated at a ratio of 1:1 (3 l of a sus-
pension with 3.5 104 cells of each strainl1). The diameter of the area
colonized by each bacterial strain was measured before the faster-dispers-
ing strain reached the edge of the petri dish (40 h in the biotic network and
20 h in the abiotic network). The diameter was measured as described
above using the different ﬂuorescence labels for each strain (GFP for the
wild type and DsRed for the nonﬂagellated mutant). The conﬁrmation of
the colonized area for each strain was obtained after repicking, plating,
and observation of the respective ﬂuorescence of individual colonies un-
der the epiﬂuorescence stereomicroscope.
To measure the ﬁtness of the wild-type strain relative to that of the
nonﬂagellated mutant, speciﬁc plates prepared as described above were
sacriﬁced entirely by intensewashingwith a saline solution (0.9% [wt/vol]
NaCl). Total-cell numbers for each type of strain in the suspension ob-
tained were determined by counting green and red CFU, with a detection
threshold of10 cells/sample. Counting was carried out in ﬁve indepen-
dent replicates. The numbers of colonies corresponding to the wild-type
and mutant strains were established by observation of the respective
ﬂuorescence (GFP for the wild type and DsRed for the nonﬂagellated
mutant) under the epiﬂuorescence stereomicroscope. In solid medium
with or without mycelia, CFU counting was carried out after 40 h. For
experiments with ﬁbers, CFU counting was carried out after 24 h. Since
the results of different treatments were not compared, the difference in
incubation time was not taken into account for the analysis of the results.
The ﬁtness of the wild-type strain (x) relative to that of the mutant
strain (y) was calculated according to reference 32, as ln(xF/x0)/ln(yF/y0),
where x0 and y0 are the initial densities and xF and yF are the ﬁnal densities
at the end of the experiment.
Statistical analysis. One-sample t tests were used to determine
whether relative ﬁtness (W) was signiﬁcantly different from 1. W data sets
met the normality criterion. Two-sample t tests were used to conﬁrm the
one-sample t tests using red and green CFU data (after log transformation
for compliance with the normality assumption) to perform paired t tests
on CFU counting. The results (t statistics and P values) from the two tests
led to the same degree of signiﬁcance. Likewise, we compared the t tests to
a test of proportion (i.e., testing for a proportion different from 1 green
CFU/1 red CFU), which has better statistical power for the same number
of samples. The results (in terms of signiﬁcance) were similar. Two-sam-
ple t tests were used to compare the diameters reached by the two strains
in the competition experiment.
RESULTS
Dispersal of ﬂagellated bacteria on fungal hyphae. On the basis
of previous ﬁndings by Kohlmeier et al. (9), a broad selection of
environmental bacteria were tested for their abilities to disperse
along the hyphae of themodel organism (M. crassipes) used in this
study. The tests were carried out under limited-dispersal condi-
tions (1.5% agar). The bacterial species selected corresponded
mainly to soil or rhizospheric bacteria but also included a bacte-
rium isolated from a wastewater treatment plant (Pseudomonas
azelaica HBP1) and a human commensal (Escherichia coli K-12).
Two of the 11 strains did not produce ﬂagella and accordingly did
not spread in swimming or swarming media after 40 h (Table 1).
Except for Cupriavidus necator JMP289 and Cupriavidus oxalati-
cus NEU1047, all the ﬂagellated bacteria dispersed in the swim-
ming medium. Pseudomonas aeruginosa NEU1023, C. necator
JMP289, and Bacillus subtilis NEU1 were able to disperse in the
TABLE 1 Bacterial dispersal along fungal hyphae
Strain Tagginga
Environmental
habitat
Motilityb Dispersalc on:
SI (mm) SA (mm) Fl
M. crassipes
mycelium Glass ﬁbers
Pseudomonas putida KT2440 GFP Rhizosphere 85 7.0	 0.1 
 
 

Pseudomonas putida KT2440 ﬂi DsRed Rhizosphere 19.3	 5.4 6.3	 0.6   
Pseudomonas putida UWC1 GFP Rhizosphere 85 6.7	 0.6 
 
 

Pseudomonas aeruginosa NEU1023 Soil 54.3	 9.8 66.7	 4.2 
 
 

Pseudomonas azelaica HBP1 GFP Wastewater 5.8	 0.5 4.8	 1.3   
Pseudomonas knackmussii B13 GFP River 27.5	 3.9 7.0	 0.1 
 
 

Sphingomonas wittichii RW1 GFP River 85 ND 
 
 

Cupriavidus necator JMP289 GFP Soil 8.0	 1.7 34.0	 3.5 
 
 

Cupriavidus oxalaticus NEU1047 mCherry Soil 6.7	 1.2 8.7	 2.3 
  
Escherichia coli K-12 Intestinal lumen 85 9.0	 1.7 
  

Bacillus subtilis NEU1 Soil 85 85 
 
* 

a GFP, green ﬂuorescent protein. DsRed and mCherry are red ﬂuorescent proteins.
b SI, swimming in NA; SA, swarming in NA; Fl, presence (
) or absence () of ﬂagella. ND, not determined.
c
, positive;, negative; *, antagonism observed.
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swarming medium. The majority of strains that had ﬂagella and
that could disperse in swimming and swarmingmediawere able to
disperse on the mycelium of M. crassipes or on glass ﬁbers. The
sole exceptionwas E. coliK-12, which could not disperse on fungal
hyphae but could disperse on glass ﬁbers.
Cost of ﬂagellarmotility under limited-dispersal conditions.
In order to test the hypothesis that dispersal along fungal hyphae
may lead to an increase in the ﬁtness of ﬂagellated bacteria, two
strains of P. putida, a wild-type ﬂagellated strain and an isogenic
nonﬂagellated (ﬂiM) mutant, were used. Flagellar motility al-
lowed the wild-type strain to disperse in swimming (0.3%) and
swarming (0.5%) malt agar, while for the nonﬂagellated mutant,
dispersal was reduced (Fig. 1A). Motility had an effect on the area
colonized by the bacteria growing on a petri dish (Fig. 2B). When
the concentration of agar was increased to restrict dispersal (1%
and 1.5%), however, the area colonized by the nonﬂagellated mu-
tant was larger than the area colonized by thewild-type strain (Fig.
2C). Comparison of the colonized areas and the relative abun-
dances of the strains showed that ﬂagellar motility was beneﬁcial
in terms of dispersal (by two-sample t tests for 0.3% and 0.5%
agar; n [replicates], 8 for each test; P,103) and ﬁtness (by one-
sample t tests for 0 to 0.5% agar; n, 10 for each test; W, 1; P,
0.02) only for agar concentrations lower than 0.5% (Table 2). In
contrast, for agar concentrations higher than 0.5%, the absence of
ﬂagella allowed the ﬂiM mutant to spread faster than the wild
type and to colonize a larger area (by two-sample t tests for 1.0%
and 1.5% agar; n, 8 for each test; P,103) (Table 2). Under these
conditions, the nonﬂagellated mutant outgrew the wild type and
had greater ﬁtness (by one-sample t tests for 1.0% and 1.5% agar;
n, 10 for each test; W,1; P,0.05).
Beneﬁt of ﬂagellar motility in the presence of fungal hyphae.
The effects of a mycelial network on dispersal and ﬁtness were
measured for the agar concentrations that limit dispersal (i.e., 1
and 1.5% agar). Under such conditions, the ﬂagellated strain was
able to migrate rapidly as single cells along fungal hyphae, while
the nonﬂagellated mutant could not (Fig. 3; see also videos in the
supplementalmaterial). Consequently, for the nonﬂagellatedmu-
tant strain, there was no signiﬁcant difference between the colony
diameters in the absence and presence of fungal hyphae (by two-
sample t tests for 1.0% and 1.5% agar; n, 8 for each test; P,0.05)
(Table 2). In contrast, the spread of the ﬂagellated strain was sig-
niﬁcantly higher in the presence than in the absence of fungal
hyphae (by two-sample t tests for 1.0%and 1.5%agar;n, 8 for each
test; P,0.001) (Table 2). Moreover, if the two strains were coin-
oculated, the wild type outgrew the nonﬂagellated mutant in the
FIG 2 Dispersal of Pseudomonas putida on agar medium. (A) Image of the
swimming test in malt agar medium. (Left) Wild-type strain; (right) ﬂiM
mutant. (B) Colony diameters (image overlap) of the wild-type and mutant
strains growingwith 0.5% agar. The image in the lower panel is colored according
to the ﬂuorescent labels. Bar, 5 mm. (C) Colony diameters (image overlap) of the
wild-type and mutant strains growing with 1.5% agar. Bar, 5 mm.
TABLE 2 Dispersal and relative ﬁtness of wild-type (ﬂagellated) Pseudomonas putida KT2440 and its isogenic ﬂiM mutant (nonﬂagellated) under
different agar concentrations and in the presence and absence of mycelium from Morchella crassipes (fungus) or an abiotic dispersal network (glass
ﬁbers)a
Network
Agar
concn (%)
Colony diam (mm)
Relative abundance
(CFU) (ﬂagellated/
nonﬂagellated
strains) FitnessFlagellated Nonﬂagellated
None 0.3 28.7	 4.7 6.4	 1.3 6.8	 4.1 1.41	 0.30
0.5 13.1	 2.3 6.7	 1.0 6.5	 3.9 1.26	 0.28
1.0 5.6	 0.4 9.0	 0.4 0.6	 0.2 0.96	 0.06
1.5 5.7	 0.6 8.9	 0.9 0.4	 0.3 0.93	 0.15
Fungus 1.0 27.3	 2.4 8.0	 2.7 2.4	 1.3 1.18	 0.14
1.5 23.9	 5.5 6.6	 2.1 2.0	 1.0 1.15	 0.08
Glass ﬁbers 1.0 36.1	 5.3 15.5	 2.7 1.6	 0.1 1.16	 0.02
1.5 36.7	 1.1 15.0	 4.0 1.5	 0.1 1.13	 0.02
a Dispersal was assessed using the colony diameter. Fitness was calculated based on the relative abundances, as measured by CFU counting, of the ﬂagellated and nonﬂagellated
strains, according to Kerr et al. (14). For the ﬁtness calculation, the initial abundances were 30,250 and 45,150 CFU for the ﬂagellated and nonﬂagellated strains, respectively.
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presence of fungal hyphae, causing a reversal in relative ﬁtness:
ﬂagellated bacteria became more abundant and ﬁt than the mu-
tant (by one-sample t tests for 1.0% and 1.5% agar; n, 10 for each
test; W,1; P,0.01) (Table 2).
Flagellated bacteria also migrated rapidly along an abiotic net-
work composed of glass ﬁbers, and colonies reached diameters
close to 4 cm (Table 2). Like fungi, the abiotic network provided
an important dispersal gain (by two-sample t tests for 1.0% and
1.5% agar; n, 8 for each test; P,103) (Table 2) and made ﬂagel-
lar motility beneﬁcial in terms of relative ﬁtness (by one-sample t
tests for 1.0% and 1.5% agar; n, 10 for each test; W,1; P,0.01)
(Table 2).
DISCUSSION
Our experiments demonstrate that the presence of a dispersal net-
work, such as fungal mycelia or glass ﬁbers, renders ﬂagellar mo-
tility beneﬁcial under conditions that limit the dispersal of
microbes, such as environments of low water potential or discon-
tinuous water ﬁlms. The results also show that swimming along
mycelia is common to a diverse set of ﬂagellated soil bacteria. We
thereby conﬁrmed earlier studies showing that the formation of
ﬂagella by P. putida may constitute a burden that affects its ﬁtness
relative to that of an isogenic mutant lacking ﬂagellum formation
under conditions of limited dispersal (3). Indeed, it has been ob-
served that genes involved in the synthesis of ﬂagella in P. putida
KT2440 are upregulated under water conditions in which ﬂagellar
dispersal is impossible, probably raising the energetic cost of
ﬂagella under conditions where they are of no apparent use
(33). Therefore, losing the ﬂagellum would be beneﬁcial for
this typical soil bacterium. However, the increased dispersal
and concomitant ﬁtness of ﬂagellated bacteria in the presence
of dispersal networks may compensate for this energetic disad-
vantage. In the presence of fungal hyphae, the ﬁtness (W) and
dispersal (D) gains of the ﬂagellated wild-type strain make
ﬂagellar motility beneﬁcial under environmental conditions
that impair free swimming. We also show that glass ﬁbers mim-
icking the mycelial network provide the same beneﬁts, suggest-
ing that purely physicochemical properties can explain the mi-
gration and ﬁtness gain of ﬂagellated bacteria.
Much as our results offer an evolutionary explanation for the
maintenance of ﬂagellar motility in soils, they also affect the cur-
rent model of bacterial dispersal in non-water-saturated media.
These models predict that bacteria can disperse only under a nar-
row range of water-saturated conditions (2–5); however, our re-
sults suggest that bacteria can disperse under a broader range of
water conditions when they can migrate on dispersal networks
such as fungal mycelia. Consequently, these results indicate that
bacterial dispersion in soil is probably less static than was sup-
posed previously. Also, a recent study has shown the importance
of conditional dispersal based on resource availability in bacterial
dispersal models (34). Thus, a combination of conditional disper-
sal, chemotaxis, and the ﬁtness advantage of ﬂagellar motility in
networks should be taken into account in order to obtain more-
realistic models of bacterial dispersal in soils.
Interestingly, our results showed the dispersal of bacteria from
the point of inoculation, along the preformed networks (fungal
hyphae or glass ﬁbers). Structured dispersal is known to affect
local relatedness coefﬁcients (35), which, in turn, affect the behav-
ior of communities, but this had not yet been addressed in studies
on fungus-driven bacterial dispersal. The consequences of the re-
sulting population structure for cooperative versus competitive
interactions (23, 36) need to be studied in more detail in the fu-
ture. Likewise, the role of ﬂagella in other cellular processes that
might affect ﬁtness in soils, such as bioﬁlm formation and cell-
surface (37) or cell-cell interactions, cannot be ignored for a com-
prehensive evaluation of the evolutionary role of ﬂagellar persis-
tence in soil bacteria.
Although our experimental model is a mimic of real dispersal,
considering the extent of the already existing fungal network po-
tentially available for bacterial migration (as much as 100 to 700
m · g of dry soil1 (9, 19), it is unlikely that this dispersal mecha-
nism is irrelevant. As expected from previous reports in the liter-
ature (9–12), fungus-driven bacterial dispersal was conﬁrmed for
a set of bacterial species (Table 1). Thus, the facilitated dispersal of
ﬂagellated bacteria in media that limit dispersal is clearly not re-
stricted to M. crassipes and P. putida. The importance of fungi on
the evolution and selection of soil bacteria has been suggested in
the past (38, 39). Here we propose a novel role for fungi as an
important evolutionary force affecting bacterial ﬁtness and dis-
persal that can have a strong inﬂuence on processes determining
bacterial colonization, activity, and biodiversity.
FIG 3 Dispersal of Pseudomonas putida on Morchella crassipes hyphae. (A) Colonization by wild type P. putida of M. crassipes hyphae. Bacteria are shown in a
confocal ﬂuorescent green channel, and hyphae are shown in a nonconfocal transmission channel. (B) Colonization by P. putida ﬂiM of M. crassipens hyphae.
Bacteria are shown in a confocal ﬂuorescent red channel, and hyphae are shown in a nonconfocal transmission channel.
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